A polycrystalline sample of LuFe 2 O 4 has been investigated by means of powder synchrotron x-ray and neutron diffraction and transmission electron microscopy (TEM), along with Mössbauer spectroscopy and transport and magnetic properties. A monoclinic distortion is unambiguously evidenced, and the crystal structure is refined in (1) • ]. Along with the previously reported modulations distinctive of the charge-ordering (CO) of the iron species, a new type of incommensurate order is observed, characterized by a vector q 1 = α 1 a * M + γ 1 c * M (with α 1 ∼ = 0.55, γ 1 ∼ = 0.13). In situ heating TEM observations from 300 to 773 K confirm that the satellites associated with q 1 vanish completely, only at a temperature significantly higher than the CO temperature. This incommensurate modulation has a displacive character and corresponds primarily to a transverse displacive modulation wave of the Lu cations position, as revealed by the high resolution, high angle annular dark field scanning TEM images and in agreement with synchrotron data refinements. Analyses of vacuum-annealed samples converge toward the hypothesis of a new ordering mechanism, associated with a tiny oxygen deviation from the O 4 stoichiometry.
I. INTRODUCTION
Owing to their great technological and fundamental importance, enormous progress has been made in the field of multiferroic materials, i.e., materials that show the coexistence and a strong interplay between two a priori unrelated phenomena: ferroelectricity and magnetism. [1] [2] [3] Among them, charge-ordered transition metal oxides in which the electronic ferroelectricity is determined by the charge ordering (CO) and thus by electron correlations and/or electron-lattice interactions 4 ,5 constitute a special class in which LuFe 2 O 4 is often cited as the prototype. LuFe 2 O 4 belongs to the RFe 2 O 4 family where R is a rare-earth cation from Dy to Lu or Y. 6 These compounds crystallize at room temperature (RT) in the R3m space group and exhibit a layered structure (2D), described as the 1:1 stacking along the c axis of [LuO 2 ] ∞ and [Fe 2 O 4 ] ∞ bilayers. 7 The average iron valence in this compound is +2.5, and the Fe 2+ /Fe 3+ CO that occurs at T CO ∼ = 330 K induces ferroelectricity with a quite large value of the ferroelectric polarization, i.e., about 26 μC cm −2 . 8 The pyroelectric signal shows an unusual step around 250 K, which is very close to the spin-ordering temperature of 240 K. 9 Moreover, multiple charge-ordered phase transitions are reported, i.e., 3D charge order below 330 K followed by 2D charge correlations up to 500 K. 10, 11 The magnetic behavior of LuFe 2 O 4 is rather complex; strong discrepancies emerge from the literature with regards to the number of transitions and the appropriate magnetic models: ferrimagnetic clusters below T N = 240 K 9 but also two 3D magnetic transitions at T N = 240 K and T L = 175 K. 10 Numerous reports also mention the spin-glass character of this compound at low temperature 9, 12, 13 whose origin is unclear, even if a parallel can be made with the Verwey transition in 14 The situation is also complex because of aging and memory effects which appear also as important parameters, probably in connection with the spin-glass state. 13 Similarly, the CO state remains till now somewhat controversial and moreover seems to be sample and temperature dependent. 10, 11, [15] [16] [17] For example, a √ 3 × √ 3 supercell in the bilayer planes with two distinct structural modulations, a major q 1 = [1/3, 1/3, 2] and a weak q 2 = q 1 /10 + [0, 0, 3/2], has been proposed 15 but also a simpler model with only Fe 2+ and Fe 3+ in alternate layers. 18 These results have also to be compared with those obtained for YFe 2 O 4 , belonging to the same class of oxides, for which structural transitions were observed vs temperature. In that case, a strong influence of the oxygen content is evidenced on the charge-ordered structure and on the physical properties, [19] [20] [21] [22] [23] contrary to LuFe 2 O 4 , which was believed to be free from oxygen nonstoichiometry effects. 24 However, the discrepancies reported in the literature call for a thorough investigation of a unique sample, which is the focus of this article. Complementary techniques like electron, neutron, and synchrotron x-ray diffraction, as well as Mössbauer and magnetic characterizations, were performed to obtain a precise description of the RT state of LuFe 2 O 4 . The main feature revealed by this study is the evidence of a new incommensurate order that could be attributed to a very small excess of oxygen.
II. EXPERIMENTAL
A 10 g polycrystalline LuFe 2 Magnetic susceptibility (defined as χ = M/H ) was calculated from magnetization data measured in a magnetic field of 100 Oe, in zero field cooling (ZFC) and field cooling (FC) modes, and on warming from 1.5 to 400 K using a Quantum Design SQUID magnetometer. Resistivity measurements vs temperature were carried out using a four-point technique in a Physical Property Measurement System (PPMS, Quantum Design) on a small bar (d = 1.23 mm, S = 1.82 × 1.32 mm 2 ) cut in the rod.
The RT synchrotron x-ray powder diffraction experiment was carried out on the CRISTAL beamline at SOLEIL, using a wavelength λ = 0.56356Å. A small amount of sample, crushed and sifted at 63 μm, was put in a 0.3 mm quartz capillary. High resolution neutron powder diffraction (NPD) data were recorded at 300 and 350 K on the 3T2 diffractometer (λ = 1.2253Å) located at LLB-Orphée; the rod about 10 g was put in a vanadium can. To analyze these diffraction data, Rietveld refinements were performed with the programs of the FullProf suite, 25 and the JANA2006 software was used to go further in the study of the structural modulations. 26 57 Fe Mössbauer spectra were recorded in transmission geometry on a standard EG&G spectrometer in the constant acceleration mode using 57 Co(Rh). All isomer shifts are given with respect to the RT spectrum of α-Fe.
Transmission electron microscopy (TEM) specimens were prepared by crushing powder samples under ethanol in an agate mortar and depositing the drops onto a holey carbon grid. Electron diffraction (ED) observations at RT were carried out using a JEOL 200 CX microscope equipped with a tilt-rotation sample holder (±60
• ) and the high-resolution electron microscopy (HREM) with a TOPCON microscope (operating at 200 kV with an aberration constant Cs = 0.4 mm). ED patterns in the 300-880 K temperature range were taken with a Tecnai G2 electron microscope operated at 200 kV and equipped with a GATAN heating holder. High resolution, high angle annular dark field scanning TEM (HAADF-STEM) images were obtained using a Titan G3 electron microscope operated at 300 kV and equipped with the probe aberration corrector.
III. RESULTS

A. Preliminary characterizations
The RT x-ray diffraction pattern is fully indexed in the R3m space group 7 (a ∼ = 3.4394Å and c ∼ = 25.2503Å in the hexagonal setting); it shows that the sample is a single-phase and well-crystallized. The LuFe 2 O 4 ferrite structure ( Fig. 1(a) ].
The magnetic susceptibility vs temperature curve, reported in Fig. 2 , is similar to those reported for this compound. 27, 28 It is characteristic of antiferromagnetism with a Néel temperature of about 250 K; the origin of the broader transitions that can be seen at lower temperature is unclear up to now. The large difference that exists between the ZFC and FC modes is also a known characteristic of this type of compounds and is still a matter of debate. A more detailed investigation of magnetic properties and magnetic structures studied by neutron diffraction will be reported separately. 29 The resistivity curve, also given in Fig. 2 , is shown for a limited temperature range, the sample becoming too insulating for the experimental setup below 180 K; the change of slope about 330 K is attributed to the Fe 2+ /Fe 3+ CO. 30 These preliminary characterizations, in line with those reported in the literature, confirm the quality of the present sample, which was thus further investigated in details by electron, neutron, and synchrotron x-ray diffraction.
B. Analysis of the neutron (3T2) and x-ray (CRISTAL) diffraction data
The crystal structure of LuFe 2 O 4 was first refined in the R3m space group 7 using the neutron diffraction data (Fig. 3) , which allow reliable refinement of atomic displacement parameters (ADP) for all species. It shows that the ADP of O (2) and Lu are large (B iso ∼ = 2.0 and 1.1Å 2 , respectively) but rather isotropic for O(2) (u 11 ∼ = u 33 ∼ = 0.035Å 2 ), whereas for lutetium u 33 ( ∼ =0.039Å
2 ) it is ten times larger than u 11 ( ∼ =0.004Å 2 ); the introduction of anisotropy improves clearly the fit (from 9.7 to 4.8 and from 3.77 to 2.5 for χ 2 and R p , respectively). Dealing with this last point, equivalent statistic agreement factors are obtained by splitting the lutetium position from 3a (0 0 0) to 6c (0 0 z ∼ = 0.007), which resulted in B iso ∼ = 0. The extra peak (i.e., non-indexed in R3m) that is highlighted by a star in the 300 K NPD pattern (Fig. 3) is associated with CO, as confirmed by its disappearance between 300 and 350 K (inset of Fig. 3) . 33 The charge-order state, not introduced in the diffraction data modeling, is supported also by the Mössbauer and ED results given in the following sections.
Analysis distortion cannot be resolved on the NPD data, and no new information can be inferred concerning the oxygen atoms. The atomic positions in C2/m refined with CRISTAL data (Table I) are, thus, to be taken with care. The discussion concerning the selected interatomic distances reported in Table II is also difficult; nevertheless, distances extracted from calculations in C2/m with synchrotron data and in R3m with neutron data are comparable. Iron shows an unusual coordination, surrounded by four O at about 2.0Å: one O(1) lying in between the Lu and Fe layers and three O(2) forming the basal plane of the triangular pyramid around the iron atoms. The fifth oxygen involved in the Fe-coordination polyhedron lies in the other Fe layer at a longer distance ( ∼ =2.2Å). Compared with the rhombohedral structure, the monoclinic distortion introduces anisotropy in the six interatomic FeFe distances in the basal triangular plane, but refinements show that these distances actually stay the same, within the experimental errors (Fe-Fe (intra) , Table II ). In contrast, when considering the buckled honeycomb lattice (also called W-layer in this kind of compound 35 ), the monoclinic distortion leads to a more pronounced anisotropy of the shorter Fe-Fe 31, 33, 36 but in connection with an enlarged cell accounting for CO.
An enlargement of the low-angle part of the x-ray pattern shows very small extra peaks [insets (ii) and (iii) of Fig. 4 ], that can be indexed with the q 1 = [0.532 0 0.124] modulation vector determined from ED (see in the following), which does not correspond to that expected for CO, based on previous reports. [15] [16] [17] [18] In order to account for these extra peaks in the calculations, modulations of atomic parameters were introduced using the C2/m(α0γ )00 super-space group. Clearly, modulating the occupancies of Fe, Lu, and O fails to reproduce both peaks simultaneously, while the modulation of atomic positions, along the direction perpendicular to the (a, b) plane, transfers intensity to these peaks. Three types of modulation waves can be used to model the positional disorder: single sine harmonic, sawtooth, or zigzag. The single sine harmonic does not reproduce the peak intensities properly; because only two weak peaks are available, it was not possible to discriminate between the two remaining possibilities, and the sawtooth type modulation wave was arbitrarily chosen. For the same reason, the study was realized, in a first step, by checking models without refining modulation parameters until correct intensities are obtained. The amplitude of the modulation is unrealistic for O atoms (equivalent displacement δz ∼ = 0.2), and it is also the case for Fe but with a much smaller value (δz ∼ = 0.05); the best model corresponds to the modulation of the position of Lu. The modulation parameters of Lu were therefore refined along a M and c M simultaneously, and the fitted values of δx ∼ = 0.007 and δz ∼ = 0.02 correspond to the displacement obtained with a split model. Refining the three components of the modulation wave (δx, δy, δz) of Lu does not improve the refinement.
To summarize this section, the LuFe 2 O 4 sample under study is a single phase, the composition is very close to the expected one (no deviation of the ideal composition was evidenced by neutron and x-ray diffraction data), a small monoclinic distortion is observed, and some details are indicative of displacive modulations, particularly on the Lu site. Even if the quality of the fits is rather good, as illustrated by the agreement factors and Figs. 3 and 4 , some points remain unclear and other techniques of characterization are needed to push further the analysis.
C. Mössbauer spectroscopy
The crucial point evidenced with Mössbauer spectroscopy is the coexistence of Fe 2+ and Fe 3+ species at RT with the expected ratio Fe 2+ /Fe 3+ = 1 (within a 2% accuracy), also confirming the stoichiometric oxygen content. The Mössbauer spectrum obtained at 300 K (Fig. 5 ) was fitted with a BlumeTjon model 38 for Fe 2+ and Fe 3+ relaxation, similar to the one used by Tanaka et al. 39 The hyperfine parameters, which are reported in Table III 
D. ED
The TEM study confirmed the good crystalline quality of the grains and revealed two important new features: the existence of a new type of ordering besides the ones previously reported by numerous authors, 15, 27, [41] [42] [43] and original macroand nanostructural states that will be detailed elsewhere. 44 In fact, due to the complexity of the TEM data, only results shedding light on the behavior described previously are given, particularly those dealing with the new modulation.
RT study
The reconstruction of the reciprocal space of about 70 crystallites was carried out by tilting around the crystallographic axes of the R3m and C2/m cells. It evidenced the coexistence of several systems of reflections: intense spots associated with the subcell and less intense ones related to the presence of modulated structures.
The system of intense reflections appears very close to what is expected for the R3m structure, with the conditions of reflection and the hexagonal-like arrangement of the spots in the [001] R ED pattern. However, taking into account the synchrotron data, particular attention was paid to details pointing toward a monoclinic distortion. For a large number of crystallites, the distortion is hardly detectable, but the presence of satellites clearly implies a violation of the rhombohedral symmetry. As a consequence, the monoclinic C2/m cell described previously will be used for the explanation of the TEM results. To go further, the contrast of the HRTEM images, recorded in areas associated with satellite-free ED patterns, was interpreted with the help of the simulated focal series calculated for the rhombohedral and monoclinic cells. Both image series are very similar; slight differences can only be detected at the level of the Lu layers for a limited number of focus values. A typical image is given in Fig. 6(a) and compared to the calculated image (focus value −600Å and crystal thickness 34Å; C2/m space group). The positions of the iron atoms of the bi-layers appear as brighter dots, whereas the lutetium positions correspond to the grey spots in between the brighter dots of the zigzagging row.
The lattice images in a modulated zone reveal the existence of stacking defects, along the direction perpendicular to the layer plane [ Fig. 6(b) ]. These planar defects induce weak diffuse streaks, sometimes observed along c * M in the diffraction patterns. It is important to note that these defective slices have a local thickness c def = m ×1/3c R and are not caused by the insertion of single iron layer, according to the growth mechanism reported for the RFe 2 O 4 (RFeO 3 ) m family (m = 0, 1. . .). [47] [48] [49] The TEM investigation, as discussed in Ref. 44 , shows that they often affect two adjacent cells, involving a local periodicity c def ≈ 16.8Å (m = 2), as illustrated by the defects indicated by white arrows in Fig. 6(b) . The two main origins of the planar defects are nano-twinning, which often run over one or two cells only and gliding between two Fe bi-layers and the lutetium layers.
The extra spots observed in the ED patterns of most crystallites are associated with modulated structures characterized by the vectors S = h a * + k b * + l c * + m q. Three types of modulated structures, indicated by the vectors q 1 , q 2 , and q 3 , occur in the form of a unique modulation in certain crystals or as coexisting modulations in other ones. This point is illustrated viewing the crystallites exhibiting all three modulations along zone axes perpendicular and parallel to the layer planes. Modulation I ( q 1 ). This system of satellites is the most frequently observed in our sample. It is described through a modulation vector q 1 = α 1 a * M + γ 1 c * M , which, to our Fig. 8(b) , which illustrates the coexistence of the modulated systems (vectors q 1 , q 2 , q 2 , and q 3 ) and twinning phenomena. The distortion with regard to a perfect hexagonal arrangement of the basic h0l0 spots results from tiny variations of the interplanar distances d602 (the enlargement in the insert shows that the reflection 602 is not a single node), d331 and d331, whereas the angles between the three corresponding vectors remain very close to 60
• . Along these three directions additional reflections are observed, forming a hexagonal crown around the basic spots as a result of the twinning phenomena associated with the symmetry lowering As mentioned previously, the q 2 (and q 2 ) and q 3 modulations have been previously reported in TEM studies 11, in the rhombohedral cell: our observations evidence similar CO mechanisms and furthermore support a loss of the R3m symmetry. Deviations from the commensurate value β 2 = 2/3 have previously been reported by ED 15 and x-ray and neutron diffraction 16 and in the Yb-based system. 50 They are also reported as a function of temperature, 15, 27 electric and magnetic fields, 41, 42 or oxygen content in the Y-compounds. 21, 51 The q 2 (and q 2 ) and q 3 modulations, commonly attributed to CO in LuFe 2 O 4 , are compatible with the extra peak that we observe around 29.22 • in 2θ (d ≈ 2.43Å) on the 3T2 data at RT, which disappears in the 350 K measurement (inset of Fig. 4) . This motivated the temperature study that follows, in which the effect of temperature upon the ED patterns was investigated, with a special focus on the new modulation I.
ED vs temperature
The [010] M and [100] M zone axes, exhibiting the modulations I and II, respectively, have been selected for the ED study vs temperature. The crystals were heated up to 343 K (i.e., >T CO ), cooled down to RT and heated again, progressively, up to 773 K and last, cooled down to RT.
[100] M zone: modulation q 2 ( Fig. 9, RT) . When the crystal is heated in situ up to 343 K (Fig. 9, 343 K) , the satellites and diffuse intensity lines at 02/3 1/6 completely vanish, in agreement with the disappearance of CO, and cooling back to RT restores the diffuse intensity [ Fig. 9 , RT (bottom)].
[010] M zone: modulation q 1 (Fig. 9 ). Starting from a RT modulation vector q 1 ≈ 0.53 a become more intense, signature of an increasing disorder along this direction. Concomitantly, diffuse intensity lines with modulated intensity are also visible along c * M that can be caused by closely positioned defective layers associated with these variations in the modulation vectors. Heating up to 773 K removes all superstructure reflections and leaves the reflections of the basic structure only (Fig. 9, 773 K) . Cooling down to RT leads to the reappearance of a single system of satellites close to that observed at the beginning of the experiment, without diffuse lines [ Fig. 9 , RT (bottom)].
IV. DISCUSSION AND CONCLUSION
The ED study shows that the several systems of satellites are closely connected to a symmetry lowering from rhombohedral to monoclinic. The modulation I, stabilized over larger domains than those corresponding to the modulations II and III, is supposed to act also on the cell symmetry at a temperature above T CO . The intense variations of contrast visible in the [010] M lattice images [ Fig. 6(b) ] and the displacement of the cationic columns visible in the HAADF-STEM images [ Fig. 6(c) ] suggest that the ordering phenomena associated with the modulation I involve rather large Lu atomic displacements in the structure.
Modulations II and III are associated with CO: the corresponding satellites disappear at ∼ =330 K, which is the T CO determined from the resistivity curve, and which is in line with the majority of the previously reported papers on LuFe 2 O 4 . 15, [41] [42] [43] The possible existence of persisting 2D CO up to 530 K, mentioned in Ref. 27 , cannot be evidenced in our sample because complex phenomena linked to modulation I are observed vs temperature and will be discussed separately. 44 Accordingly, the present study shows that the phenomenon which generates the modulation q 1 is reversible and that the mechanism seems to appear/disappear progressively upon decreasing/increasing the temperature. Moreover the state of the sample at a given temperature slightly varies with the history of the sample, first through the components of the modulation vectors (α 1 and γ 1 ) and second by the diffuse lines which appear along [203] * M and c * M . The TEM observations explain the difficulties encountered in the refinement of the crystal structure using the x-ray and neutron diffraction data, but a coherent picture is obtained by combining these techniques. At RT, the sample exhibits CO of the Fe 2+ and Fe 3+ species, in agreement with the Mössbauer study; neutron and x-ray diffraction show no anomaly at the iron position, and disorder only appears on the oxygen positions within the iron layers. This is consistent with a short scale displacement of the oxygen atoms to adapt the Fe-O distances vs the oxidation state of iron and could explain the anomalous decrease of the Debye-Waller factor of O(2) observed after refinement of neutron data between 300 K and 350 K. In contrast, all other atoms show the expected increase of the Debye-Waller factor with increasing temperature. A charge-ordered superstructure is also consistent with the extra spots in the [100] M ED patterns, corresponding to q 2 and q 3 , and the extra peak on the RT neutron data that disappears upon heating to 350 K. This small and broad peak is indeed indexed 1141 and1131 using the [1/3 1/3 1/2] propagation vector in R3m, equivalent to q 2 in C2/m.
The most important result is the observation of a new modulation q 1 , which could be correlated with a very small and locally ordered oxygen excess in the structure at RT, referring to the disappearance of this superstructure by annealing. This hypothesis was checked by annealing the sample at 670 K in vacuum (5.10 −5 bars) for 6 hrs. In the ED patterns of the [010] M and equivalent zones recorded by tilting around c * M , no trace of the modulation I was detected anymore in the annealed sample. Moreover, the [100] M and equivalent zones still present the diffuse lines and weak spots of the modulations II and III, which is consistent with the preserved Fe 2+ /Fe 3+ ratio close to 1. Indeed, the Mössbauer spectrum at 300 K of the annealed sample does not evidence a departure from the Fe 2+ /Fe 3+ ratio (=1 ± 0.02). The quality of the annealed sample was also checked by x-ray diffraction, and no change was observed in the pattern compared with the as-synthesized one; synchrotron x-ray experiments are planned in the near future to confirm this result and to confirm the disappearance of the small extra peaks characteristic of q 1 . Magnetic properties are not modified by the thermal treatment: the magnetization curve is rather similar to the initial one with the same T N , and only a small decrease of the magnitude of the FC curve is observed.
Similarly, the study of another LuFe 2 O 4 sample, prepared in similar conditions, lead to very close results to those presented here, including atomic position parameters, ADP factors, and occupancies. The only noticeable difference was observed with regard to the cell parameters, which were slightly larger in the second sample [a , a likely indication of a smaller oxygen content. 52, 53 Moreover, this evolution was previously observed in LuFe 2 O 4+δ 54 with the report of the lattice dependence on oxygen stoichiometry in the range −0.065 δ +0.015. Electron and x-ray synchrotron diffraction of the second sample at RT showed the existence of the monoclinic distortion but the lack of the q 1 modulation. All our results converge therefore toward this hypothesis that the ordering mechanism associated with modulation I involves a tiny oxygen deviation from O 4 , which is at the limit of detection of our techniques. Further experiments are in progress to control precisely the oxygen stoichiometry of this ferrite. The first results of thermogravimetric analysis show that it is possible to incorporate oxygen in the structure in agreement with pioneer works about lanthanoide ferrites, 55, 56 reporting that for a large amount of oxygen (leading to the formula LuFe 2 
